PREFACE
Traditionally, solid-state physics has meant crystal physics. Solidity and crystallinity are treated as synonymous in the standard texts on condensed matter. Yet, one of the most active fields of solid-state research in recent years has been the study of solids that are not crystals, solids in which the arrangement of the atoms lacks the slightest vestige of long-range order. The advances that have been made in the physics and chemistry of these materials, which are known as amorphous solids or as glasses, have been widely appreciated within the research community and have contributed to the Nobel awards earned by three individuals (N. F. Mott, P. W. Anderson, and P. J. Flory). Excellent reviews of recent research on these solids have appeared and continue to appear, but relatively little has been written to guide the nonexpert and the student.
My aim in writing this book has been to contribute a tutorial presentation of parts of this fascinating subject, a presentation which I hope will be of use as an introduction to newcomers to the field. The level of treatment should make it possible for most of the topics covered to be included in a first-year graduate course on the physics of solids.
Much of the intellectual fascination about the amorphous solid state arises from the fact that scientific insight must be achieved without the help of the mathematical amenities (Brillouin zones, Bloch states, group-theoretical selection rules, etc.) which accompany periodicity in the crystalline solid state. While some old approaches remain useful for amorphous solids (most notably the chemical-bonding viewpoint, which focuses on the short-range order), this challenge has been met mainly by new approaches such as localization theory and percolation. From another viewpoint, much of the intense research interest in amorphous solids is driven by the technological importance of these materials. Examples include the use of ultratransparent optical fibers in telecommunications, the use of amorphous semiconductors in xerography and solar cells, and the ubiquitous everyday uses of organic glasses as structural materials. Applications are discussed in the first and last chapters of this book.
Chapter One deals with certain general aspects, including the inessentdalness of long-range order in solids, ways in which amorphous solids are formed, the phenomenology of the liquid-glass transition, and a brief survey of technological applications. Chapters Two and Three deal extensively with structural issues in the various classes of amorphous solids. The atomic-scale structure of an amorphous solid is one of its key mysteries, and structural information must be won with great effort. The stochastic-geometry models which have been found to successfully describe the topologically disordered structures of these solids include the random-close-packing model for simple metallic glasses, vii the continuous-random-network model for covalently bonded glasses, and the random coil model for organic polymers. Chapter Four presents a treatment of percolation theory, carried to some depth. The percolation model is a powerful unifying construct and an outstanding vehicle for exhibiting many of the modes of thought characteristic of theoretical approaches to strongly disordered systems: emphasis on statistical distributions, localization -delocalization critical points, scaling behavior, and dimensionality dependences. It is thus a great help in discussions of physical phenomena in amorphous solids, and is made use of in this way in the last part of the book. Percolation also happens to be a lot of fun, which is another reason why Chapter Four is not short. As a case in point, the scaling approach of phase-transition theory becomes extremely transparent within the context of the percolation model. Scaling ideas recur several times in this book, in connection with polymer structure (Section 3.10), percolation (Section 4.5), politics (Section 4.8), and electron localization (Section 5.7). The final two chapters of the book deal with physical properties of amorphous solids. Topics include theories of the glass transition, Anderson localization and the mobility edge in amorphous semiconductors, optical properties associated with electronic and vibrational excitations, electrical properties of metallic and semiconducting glasses, and chemical-bonding approaches to electronic structure and to the technological control of properties.
My interest in the physics of amorphous solids developed over a period of years within the stimulating environment of the Xerox Webster Research Center, a laboratory that has produced many important contributions to this field. I am indebted to many of my colleagues at Xerox, but 1 am especially grateful to Harvey Scher, Michael Slade, and Bernard Weinstein, with whom I have had the pleasure of working on diverse aspects of research on amorphous solids. Elsewhere, I wish to thank David Adler, William Paul, and Jan Tauc for many stimulating discussions over the years. The very able and amicable help of Theresa Kusse and Nancy MacDonald in the preparation of the manuscript is gratefully acknowledged. Many of the figures in this book have benefitted from the excellent artwork of Lance MonjC. The patient encouragement of Beatrice Shube at John Wiley is also appreciated. Most of all, however, I wish to express my deep appreciation to my wife, Doris, whose indispensable support made the book possible. 
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FREEZING l N T O THE SOLID STATE: GLASS FORMATION VERSUS CRYSTALLIZATION
To begin with, let us suppose that we all know what is meant by the term "solid." (This innocent assumption is less harmless than it appears, and it calls for a bit of discussion, which is to be supplied in Section 1.3.) In a familiar type of thought experiment, often invoked to conceptually analyze the energetics involved in the formation of a solid, a large collection of initially isolated atoms is gradually brought together "from infinity" until the actual interatomic spacings of the solid are attained. The actual experiment that most closely corresponds to this gedanken experiment involves cooling the vapor of the material until it condenses into the liquid state, and then further gradual cooling of the liquid until it solidifies. Results of such an experiment, for a given quantity of the material, may be represented on a volume-versus-temperature V ( T ) plot such as the one schematically shown in Fig. 1.1 . Figure 1 . 1 should be read from right to left, since time runs in that direction during the course of the quenching (temperature-lowering) experiment.
A sharp break or bend in V(T) marks a change of phase occurring with decreasing temperature. The first occurs when the gas (whose volume is limited only by the dimensions of the experimental enclosure) condenses to the liquid phase (of well-defined volume, but shape enclosure-determined) at the boiling temperature Tb. Continued cooling now decreases the liquid volume in a continuous fashion, the slope of the smooth V( T) curve defining the liquid's volume coefficient of thermal expansion a = (1/V) (aV/aT)p. (The experiment is assumed to be taking place at low pressure, P = 0.) Eventually, when the temperature is brought low enough, a liquid-solid transition takes place (with the exception of liquid helium, which remains liquid as T + 0 in the absence of pressure). The solid then persists to T = 0, its signature in terms of V( T) being a small slope corresponding to the low value (relative to that of the liquid phase) of the expansion coefficient a which characterizes a solid. A liquid, may solidify in two ways: discontinuously to a crystalline solid or continuously to an amorphous solid (glass).
1.
2.
The two solids resulting from these two quite different solidification scenarios are labeled, correspondingly, @ and @ in Fig. 1 .1. Scenario @ occurs in Fig. 1.1 at temperature 5, the freezing (or melting) point. The liquid+crystal transition is marked by a discontinuity in V( T), an abrupt contraction to the volume of the crystalline solid. In a quenching experiment carried out at a suficiently low cooling rate, this is usually the route taken to arrive at the solid state. But at sufficiently high cooling rates, it is found that most materials alter their behavior and follow route @ to the solid phase. Tfis bypassed without incident, and the liquid phase persists until a lower temperature Tg is reached. Here the second solidification scenario is realized. The liquid-glass transition occurs in a narrow temperature interval near Tg, the glass transition temperature.
There is no volume discontinuity, instead V(T) bends over to acquire the small slope (similar to that of the crystal) characteristic of the low thermal expansion of a solid.
Both crystals and glasses are bona tide solids and share the essential attributes of the solid state (Section 1.3) . Their fundamental difference is in the basic nature of their microscopic, atomic-scale structure. In crystals, the equilibrium positions of the atoms form a translationally periodic array. The atomic positions exhibit long-range order. In amorphous solids, long-range order is absent; the array of equilibrium atomic positions is strongly disordered. For crystals, the atomic-scale structure is securely known at the outset from the results of diffraction experiments, and it provides the basis for the analysis of such properties as electronic and vibrational excitations. For amorphous solids, the atomic-scale structure is itself one of the key mysteries. Several chapters of this book are devoted to the structure of glasses. A brief preview is given in Section 1.3 and Fig. 1.6 .
A note on terminology is in order at this point. The term amorphous solid is the general one, applicable to any solid having a nonperiodic atomic array as outlined above. The term glass has conventionally been reserved for an amorphous solid actually prepared by quenching the melt, as in @ of Fig. 1 . 1 . Since, as discussed in Section 1.2, there are other ways to prepare amorphous solids than by melt-quenching, glass (in the conventional usage) is the more restrictive term. In this book, that historical distinction will not be adhered to, and both terms will be used synonymously. ("Historical" is used here in two senses, since the distinction itself refers to the history, i.e., method of preparation, of the solid.) Not only does this lubricate the discussion because "glass" is one word while "amorphous solid" is two, it is also convenient to have "glass" to set in opposition to "crystal" (instead of "amorphous solid" versus "crystalline solid"). Other terms, sometimes used in the literature in place of amorphous solid, are noncrystalline solid and vitreous solid. A detailed view of the vicinity of the liquid-glass solidifcation transition is shown in Fig. 1 .2 for the case of the organic glass polyvinylacetate (CH,CHOOCCH3). The data show results for V( T ) obtained at two different cooling rates, and reveal that the observed transition temperature TE depends upon the cooling rate at which the experiment is carried out. This is a characteristic kin& dimension of the glass transition. The two V(T) curves in Fig. 1.2 are labeled by two experimental time scales, 0.02 hr for the upper curve and 100 hr for the lower curve. In these particular experiments, the stated times are the times elapsed in quenching the specimen to temperature T from a fmed initial temperature well above T,. Note that the effect of changing this time by a factor of 5000 is to shift TE by only 8OK. Thus this effect, while quite real, is small.
Denoting the average cooling rate -dTldt by T, the mild influence that the time scale of the measurement exerts on the experimentally observed liquid-glass temperature may be indicated by writing Tg as T g ( n . The weak functional dependence may be approximated as a logarithmic one. Typically, changing Tby an order of magnitude causes TE to shift by a few degrees kelvin.
The reason that TE shifts to lower temperatures when the cooling process is extended over longer times resides in the temperature dependence of a typical molecular relaxation time 7 . (The adjective "typical" reflects the fact that there is actually a spectrum of relaxation times; T may be regarded as the geometric mean of that distribution.) The quantity 1 /~ characterizes the rate at which the molecular configuration (atomic-scale structure) of the condensed system adapts itself to a change in temperature. This quantity varies enormously during the cooling process. An indication of this dramatic variation is given at the top of Fig The 30 orders of magnitude in 7 , spanned between the liquid near the melting point and the glass well below the "glass point," are swept through
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swiftly and continuously at temperatures in between. As T traverses the region near T,, 7 ( T ) becomes comparable to the time scale of the measurement (typically lo3 sec, give or take an order of magnitude or two). As T is lowered below T,, 7 becomes much larger than any experimentally accessible times, so that the material loses its ability to rearrange its atomic configuration in harmony with the imposed decline of temperature. The atoms get frozen into welldefined positions (equilibrium positions, about which they oscillate), which correspond to the configuration they had at T8. It is now easy to understand why, in Fig. 1 .2, expanding the experimental time scale (slowing the cooling rate p) lowers the observed glass point T,: If a longer experimental time t is available, then a lower temperature T is needed to achieve the condition 7( 7J > t which freezes the atoms into the configuration that they maintain in the amorphous solid state. Note that the mildness of the t dependence of T, is simply the other side of the coin with respect to the severity of the exceedingly steep function 7( T).
While kinetic effects clearly play a role in the operational definition of Tg, it is generally believed that the observed liquid -glass transition is a manifestation of an underlying thermodynamic transition viewed as corresponding to the limit t + 00, ? -+ 0. Some of the experimental evidence of this is given in Section 1.4, and theories of the glass transition-which has been one of the knottiest problems in condensed matter physics-will be discussed in Chapter Four. In addition to showing what happens to the specific volume (inverse of the density) at temperatures near T,, Fig. 1 .2 also includes a related thermodynamic variable, the expansion coefficient a. This quantity experiences a welldefined "step" near T,, corresponding to the slope change in V( T). Other thermodynamic aspects of T, are discussed in Section 1.4.
A comment should be made about the terms "freezing" and "melting." These two terms are conventionally reserved for the two directions (+ and +) in which a material may traverse the crystal -liquid transition, the event which occurs at Tfalong route @ of Fig. 1.1 . This usage is usually adhered to here. But it should be realized that the same terms also describe the event that occurs at TB along route @ of Fig. 1.1 . For the glass-liquid transition, T8 denotes the temperature at which (in direction +) the undercooled liquid freezes. In the other direction (+, increasing temperature), T, denotes the temperature at whuh the g h s melts.
PREPARATION OF AMORPHOUS SOLIDS
For a long time it was thought that only a relatively restricted number of materials could be prepared in the form of amorphous solids, and it was common to refer to these "special" substances (e.g., oxide glasses and organic polymers) as "glass-forming solids." This notion is wrong, and it is now realized that "glass-forming ability" is almost a universal property of condensable matter. The amorphous solid state is ubiquitous. ("Fast" and "far" are explained below.) This viewpoint has been abundantly supported in recent years by the preparation of an enormous variety of amorphous solids. Prominent among these, and providing one of the most striking demonstrations of the ubiquity of this state of condensed matter, are the metallic glasses. Because metals tend to be structurally simple materials (many form, in the crystalline state, close-packed structures), the proliferation of glassy metals is a very significant development. Traditional ''glass formers" have been materials associated with considerable complexity on a molecular scale, such as organic glasses composed of polymer chains having bulky sidegroups dangling from them. Metals had been thought to be too simple to form glasses. Figure 1 .3 displays an effective technique, known as melt spinning, for achieving the very high rate of cooling needed to form a metallic glass. A jet of hot molten metal is propelled against the surface of a rapidly rotating copper cylinder, which is kept cool (room temperature or below). The liquid metal is drawn into a thin film, roughly 50 microns thick (50 pm = 0.05 mm). Since the fdm is so thin, since it is in intimate contact with a large heat sink, and since metals have high thermal conductivity, the liquid cools and solidifies extremely fast. A temperature drop of about lOOOOK is accomplished in about a millisecond, i.e., T = lo6 'Wsec. The solid film of metallic glass is spun off the rotor, as a continuous ribbon, at a speed exceeding I kilomderper minute.
Thus the name of the game-the essential ingredient in the preparation of an amorphous solid-is speed. A given material may solidify via either of the With the liquid being cooled at a finite rate, the liquid may be taken below 5 along the V ( T ) trajectory which smoothly continues the curve from higher temperatures. In the temperature interval between and T,, the liquid is referred to as the undercooled or supercooled liquid. (The undercooled liquid is still unambiguously liguid and must not be confused with the glass, as is mistakenly done in a few texts.) If its temperature can be taken below T, before crystallization has had time to occur, the undercooled liquid solidifies as the glass and remains in this form essentially indefinitely.
Glass formation, therefore, is a matter of bypussing ctystullizdwn. The channel to the crystalline state is evaded by quickly crossing the dangerous regime of temperature between T, and T, and achieving the safety of the amorphous solid state below T,. Throughout the temperature interval Tg < T < q, the liquid is "at risk" with respect to nucleation and growth of crystallites. Earlier it was stated that, for a material to be prepared as an amorphous solid, cooling must a
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proceed "fast enough and far enough." "Far enough'' is seen to mean that the quench must be taken to T < Tg, and "fast enough" means that Tg < T C T f must be crossed in a time too short for crystallization to occur. In contrast to crystallization, which is heterogeneous (pockets of the solid phase appear abruptly within the liquid and then grow at its expense), the liquid+glass transformation occurs homogeneously throughout the material. This transformation would be observed for any liquid when sufliciently undercooled (i.e., all liquids would form glasses), except for the intervention of crystallization.
"Fast enough" can be, for many materials, very much slower than the quenching rate (T = lo6 OWsec) quoted in connection with Fig. 1.3 . Unlike the single millisecond taken to quench a metallic glass, the time taken to quench the silicate glass that forms the rigid ribbed disk of the Mt. Palomar telescope was eight months, corresponding to a leisurely T of 3 x OWsec. It is much easier to prepare a glass for which a low suffices than it is to prepare one for which a high T is needed. Thus, while it is not meaningful to speak of glassforming solids (since this classification encompasses virtually all materials), it is certainly valid to refer to gkass~oming lendnzcy. This attribute is correlated with llT, and is obviously much greater for oxide glasses than for metallic glasses. Figure 1 .4 schematically illustrates four techniques for preparing amorphous solids that span the range of quenching rates. These techniques are not fundamentally different from those used for preparing crystalline solids; the point is simply that care is taken to quench fast enough to form the glass rather than slow enough to form the crystal.
For materials with very high glass-forming tendency, the melt can be allowed to cool slowly by simply turning off the furnace or by bringing it down in a programmed manner (Fig. 1 . 4~ ) .
Typical cooling rates are in the range from 10 -* to 10 -* OWsec. Glasses in this category, among those listed in Table   1 . 1 , are SiO2, As2S3, and polystyrene. Thus, although the crystalline form of As& is abundant in nature (which had a long time to produce it) as the mineral orpiment, synthetic crystals cannot be prepared from the melt on any experimentally reasonable time scale. The melt always solidifies as the amorphous solid. Somewhat faster rates are needed to quench a glass such as amorphous selenium, an elemental glass composed of long-chain polymeric molecules. Using an ice-water bath to quench modest volumes of the melt, as indicated in Fig. 1.46 , yields rates in the range 10'-lo2 'Wsec. Se glass can be prepared by this method, as can the Pd-Ni-P metallic glass included in Table 1 .1. This metallic glass has a glass-forming tendency high enough to allow it to be prepared in bulk form, rather than the thin-film form characteristic of the other metallic glasses listed in the table.
The technique sketched in Fig. 1.46 is another of the melt-quenching methods (of which the melt-spinning method of Fig. 1.3 is the most spectacular example) developed specifically for metallic glasses. These methods are collectively called splat-quenching techniques, and achieve T values in the range 105-108 OWsec. The hammer-and-anvil drop-smasher method of Fig. 1 . 4~ Figure 1.4 quenching, (c) rapid "splat-quenching", and (d ) condensation from the gas phase.
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Four methods of forming amorphous solids: (a) slow cooling, (b) moderate cools the liquid droplet from two sides at once, and is used to produce milligram-size laboratory specimens of metallic glasses such as the Au-Si alloy listed in Table 1 .1.
Before going on to discuss condensation from the vapor phase ( Fig. 1.4d ), it is interesting to take note of a final method for quenching the liquid, one which is even faster than splat quenching. The technique is called laserglazing, and it begins with the material in crystalline form. A very short and very intense single laser pulse is focused onto a very small spot on the crystal surface, with the laser wavelength selected so that the light energy is absorbed in an extremely thin ( -100 A) layer of the solid. The large energy dumped into this tiny volume is sufficient to melt it, but it is swiftly quenched and resolidified by the surrounding crystal. The small, very thin, melted-and-quenched region has been found to be amorphous in the case of silicon, a material normally preparable in amorphous form only by vapor-condensation techniques. Amorphous metals can also be prepared by laser glazing. The quench rate can only be roughly estimated by highly approximate calculations; these yield towering ?values in the range 10'0-101* OWsec.
All of the glass-forming methods discussed thus far rely upon speedinduced access to route @ of Fig. 1.1. In Fig. 1 .4d, we show a representative of a class of techniques that bypasses the liquid phase completely and constructs the amorphous solid in atom-by-atom fashion from the gas phase. These techniques possess the highest effective quench rates ( p is probably too high to be any longer a meaningful parameter in its original sense), and they are widely used to prepare glasses which have not been obtained by melt-quenching methods. Figure 1 .4d shows the simplest of these vapor-condensation techniques. A vapor stream, formed within a vacuum chamber by thermal evaporation of a sample ("source") of the material in question, impinges upon the surface of cold substrate. As the atoms condense on the surface, the as-deposited amorphous structure is quenched in if conditions are arranged so that their thermal energy is extracted from them before they can migrate to the crystalline configuration. Variations of the method involve vaporizing the source by the use of an electron beam, or the use of ion bombardment to drive atoms from it. Another method involves the plasma-induced decomposition of a molecular
10
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species, a technique employed to deposit amorphous silicon from silane (SiH*) vapor.
Vapor-condensation techniques produce amorphous solids in the form of thin films, typically 5-50 pm thick. Among the amorphous solids listed in Table 1 .1, those which normally demand vapor-condensation methods for their preparation are Si, Ge, H 2 0 , and the elemental metallic glasses Fe, Co, and Bi. For the pure metals, the substrate must be kept very cold ( <20°K). It is usually difficult to define T, for such glasses, since they are not prepared by a liquid-glass quenching process and, when subjected to a heating cycle after preparation, they often crystallize before there is a chance for the glass+liquid transition to occur.
Many glasses which may be formed by melt quenching, such as Se and As2S3, are often prepared instead by vapor deposition when thin films are desired (as in applications such as xerography, Section 1.5). Some differences between melt-quenched and vapor-quenched material can be detected, but these normally disappear when the latter is allowed to anneal (Section 3.1.2). It is correct to regard both techniques as producing essentially the same condensed phase.
A trend exists for glass-forming tendency to be greater for a binary material (say, a silicon-gold alloy) than for an elemental one (say, pure silicon).
This has to do with the relation between Tg and q. Figure 1 .5 shows the relevant aspect of the, temperature-versus-composition phase diagram for the binary system Aul -$iX. For the alloy (0 < x < l), the liquid is stabilized and thus the melting point T, is lowered, relative to that of the single-component endpoints ( x = 0 or l), by the entropy of mixing and the attractive interaction between the two components. There is seen to be a eutectic composition x = 0.2 at which the melting point is minimized at a deep cusp in T f ( x ) . At x = 0.2, TJTf takes on its largest value, which is about 0.5 for this system. (For comparison, in excellent glass formers such as As& and SO,, TsITf is about 0.7.)
Near the eutectic composition, as at a in the figure, a liquid is much more readily quenched to the glass than is a liquid at a distant composition such as 6.
The treacherous territory between 7 j and T,,, within which the melt is both thermodynamically ( T < 7j) and kinetically ( T > T,) capable of crystallizing, is much broader and more forbidding at b than at a. Thus the eutectic composition is favored for glass formation, a conclusion consistent with the observation that Auo.$&.~ can be splat quenched to the glassy state while Au and Si cannot. Pure silicon can be vapor quenched to form the amoFphous form, while pure gold has yet to be prepared as an amorphous solid. The latter eventuality is, to end on a note in keeping with the theme of this section, simp& a matter oftime.
STRUCTURE, SOLIDITY, AND RESPECTABILITY
The title of this section mentions three attributes of amorphous solids, each of which will be discussed in turn. The first two are physical attributes; the third is Glass formation in the gold-silicon system. Two quenches from the liquid state, at two compositions, are indicated. Glasses can be prepared much more readily in quench a than in quench b, since the latter must cross a greater temperature range between T, and Tg in which it is "at risk" vis-i-vis crystallization. (The Z j curve is from the work of Predel and Bankstahl, 1975 ; the TE curve is from the work of Chen and Tumbull, 1968.) a different type of quality, only recently attributed to glasses in conventional attitudes about what constitutes the discipline of solid-state physics. The subject of structure dominates the following two chapters, but it seems advisable to insert a brief preview at this point. Figure 1 .6 presents, schematically and in a nutshell, the salient characteristics of the atomic arrangements in glasses as opposed to crystals. Also included, as an additional and useful reference point, is a sketch of the arrangement in a gas. Of necessity, two-dimensional crystals, glasses, and gases are represented, but the essential points to be noted carry over to their actual, three-dimensional, physical counterparts. For the two sketches representing ideal crystal (u) and glass (b) lattices, the solid dots denote the equilibrium positions about which the atoms oscillate; for the gas (c), the dots denote a snapshot of one configuration of instantaneous atomic positions.
For an amorphous solid, the essential aspect with which its structure differs with respect to that of a crystalline solid is the ubsmce o f long-range or&. There is no translational periodicity. This fundamental difference is evident at a glance in Figs. 1.6a On the other hand, the atomic positions in the glass are not randomly distributed in space. Randomness is a trait more properly associated with Fig.  1 .66, at least in the low-density limit in which the atoms comprising the gas may be viewed as point particles. For such a dilute gas (the ideal gas of the kinetic theory), the particle positions are totally uncorrelated. Each atom may be located anywhere, independent of the positions of all other atoms. But in Fig.  1.66 , there is seen to be a high degree of local correlation. Each atom has (in the example used here for illustration) three nearest neighbors at nearly the same distance from it. Nearest-neighbor atoms are connected by lines in the figure, and the "bond angles"-formed where these lines meet at an atomic position-are also nearly equal.
In the crystalline case of Fig. 1.6u , the nearest-neighbor separations and bond lengths are exactly equal (remember that we are dealing with the equilibrium positions), rather than nearly equal as in the glass. The degree of local correlation in amorphous solids is quantitatively described in the following chapters; it suf!ices here to say that this local order is quite high. Thus glasses have, in common with crystals, a high degree ofshort-range order. As in crystals, this is a consequence of the chemical bonding responsible for holding the solid together.
Thus, while the lack of long-range order in glasses implies randomness at large separations (knowing the positions of a few atoms does not help to locate, as it does in a crystal, the positions of distant atoms), the atomic-scale structure is highly nonrandom for a few interatomic distances about any given atom. A simple thought experiment serves as one way of demonstrating (other than by just looking) the presence of local order in Figs. 1 . 6~ and 1.66 and its absence in Fig. 1 . 6~ . Suppose a single atom is plucked out of each panel of the figure by a man with a bad memory. If he later wished to reinsert each atom in its original position, he would have no difficulty doing so for Figs. 1 . 6~ and 1.66. Not so, however, for Fig. 1 . 6~ ; since it is completely random, the remaining atomic positions provide no clue about the missing one.
Since Fig. 1 . 6~ is a genuinely random array while Fig. 1.66 is not, it may seem surprising that all three main categories of amorphous-solid structure discussed in the next chapters (random close packing, continuous random network, random-coil model) include the term random in their names. This can be accepted as a historical circumstance, but we may also agree that random applies in the limited sense of referring to statistical distributions, which describe quantities (such as bond angles) in the glass structure that would take on a single fured value in the crystal.
The difference between Figs. 1 . 6~ and 1.66 can be characterized as a case of unconstrained versus constrained chance. A random array of point particles, unconstrained by any particle-particle correlations, is a suitable model for a gas at low density, but the disorder in a glass is constrained at short distances by the physics and chemistry of the atom-atom bonding inferactions. This dichotomy evokes a philosophical analogy which I cannot resist mentioning. Physics and mathematics can be viewed, respectively, as constrained and unconstrained logical systems. In mathematics the system is largely unconstrained by considerations other than logical consistency, but physical theory is additionally, and essentially, disciplined by the aperimntal requirement that it be (in Einstein's words) "of value for the comprehension of reality.'' Before leaving Fig. 1 .66, we should note the term t@ological disorder (treated further in Chapter Two) in connection with the glass structure schematically represented here. This disorder is intrinsic to the lattice structure its& It is a much more severe class of disorder than that mentioned in the next paragraph.
There are certain types of crystalline systems that are sometimes classified as disordered solids because, while their crystal lattices remain intact and fundamentally resemble Fig. 1.6a , their translational symmetry is broken by the chemical (for a "mixed crystal") or orientational (for a "plastic crystal") identity of the objects which occupy the lattice sites. In a mixed crystal such as Ge,Sil --x, we know where each atom is (on a site of the crystalline diamond lattice, shown later in Fig. 2 . lo), but we do not know what it is (Ge or Si). Each lattice site is occupied at random by either a Ge atom (with probability x ) or a Si atom (with probability 1 -x ) . In a "plastic crystal," symmetric molecules set in different orientations sit on the sites of a periodic lattice. The disorder in such systems (compositional disorder for a mixed crystal, rotational disorder for a plastic crystal) is very mild compared to the topological disorder characteristic of amorphous solids, because there remains an underlying crystal lattice with its periodicity preserved, and it is often possible to deal with such solids by conventional methods of crystal physics. Thus, the electronic and optical properties of Ge,Sil-, mixed crystals may be adequately approximated by the "virtual crystal approximation," in which the solid is viewed as a perfectly periodic crystal composed of a single type of fictitious atom that is intermediate in behavior to germanium and silicon. Such mildly-disordered essentially-crystalline solids are not treated in this book.
To move on to the second topic of this section, the subject of solidity, we now consider what time does to the configurations represented in Fig. 1 .6. For Fig. 1.6c , the effect of letting the clock run is to completely overturn the particular instantaneous structure shown here for the gas. The motion of the atoms takes the gas into other random arrays that, on the scale of atomic dimensions, are totally different from the specific arrangement of Fig. 1 . 6~. (On a macroscopic scale, of course, the effect is that of a small statistical fluctuation on, say, the density.) That atomic motion, for a dilute gas, consists of straight-line trajectories which are punctuated occasionally by sharp deflections corresponding to collisions of the atoms with each other or with the walls of the container.
Time has no such drastic effect on the structures represented in Figs. 1 . 6~ and 1.66. While plenty of motion is going on (even at OOK, the zero-point motion remains), this motion does not overthrow the structure in a crystal or a glass. Viewing a given atom as a classical particle with a definite trajectory, the situation is as sketched in Fig. 1 . 7~ . The atom stays close to a well-defined equilibrium position, and executes oscillatory motion about it. This persistent aspect is in marked contrast to the fluid scene in Fig. 1.6c , in which the motion is translational on an atomic scale.
An essential distinction is thereby drawn, with respect to the nature of the microscopic motion taking place in the material, between Figs. 1 . 6~ and 1.66, on the one hand, and Fig. 1.66 , on the other hand. In Figs. 1 . 6~ and 1.6b , the atoms are immobilized except for vibrational motions (Fig. 1 . 7~ ) about their average positions. In Fig. 1.6c , the atoms are free to make long, uninhibited, trumlutiod excursions. Macroscopically, this is nothing less than the distinction between soldity, on the one hand, andjuidity (in the extreme form exhibited by a dilute gas), on the other hand. In a solid, the atoms oscillate about equilibrium positions, which constitute a durable structure. No such enduring structure exists in a fluid, in which the atomic motion is characterized by extensive translational movements.
The fluid of Fig. 1 . 6~ is a gas. In a dense fluid, that is, a liquid, translational movement is likewise an essential characteristic of the atomic motion. Since each atom is now hemmed in to a substantial extent by nearby atoms, 
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the motion is also partly oscillatory. This is schematically represented in Fig.  1.76 , which is intended to convey a sense of the atomic movement in a liquid. (Trajectories similar to the one sketched here appear in computer simulations of the liquid state, such as those discussed in Chapter Four.) In spite of the presence of an oscillatory component, the key feature is the presence of a translational component of motion. A liquid, like a gas, possesses no enduring arrangement of atoms. Each atom in a liquid is mobile and wanders through the material, changing neighbors continually during its diffusive meandering. Atoms in a solid retain their neighbors (aside from rare events such as vacancy jumps) as all remain near fured positions.
Moving from these atomistic descriptions to more standard macroscopic definitions: a liquid flows, lacks a definite shape (though its volume is definite), and cannot withstand a shear stress; a solid does not flow, has a definite shape, and exhibits elastic stiffness against shear. The distinction is usually quite clear. A glass (tumbler) of water consists of two transparent substances, one liquid and one solid. Water is our most familiar liquid, and the ease with which it flows is its most familar property. The rigid, brittle container in this example is an amorphous solid, an oxide glass related to fused silica (Si02). The structure (static for the glass, everchanging for the liquid) is of the type indicated in Fig.  1 .66 for both materials, but the motion is as in Fig. 1 . 7~ for the solid container and as in Fig. 1.7b for its fluid contents.
Amorphous solids are bona fide solids, having all of the requisite elastic properties (shear stiffness, etc.). There is no need to belabor this point, many of the applications of these materials (look ahead to Table 1 .2) rely explicitly on properties such as rigidity and strength. Note that neither the macroscopic (rigidity, etc.) nor the atomic (Fig. 1 . 7~ ) description of solidity makes any reference to the presence or absence of structural long-range order, indeed, solidity is not synonymous with crystallinity.
It should not be necessary any longer to emphasize that solidity # crystallinity. Unfortunately, it is, in fact, necessary to do so. The reason for this necessity arises from the following circumstance: Amorphous solids are rarely included in textbooks on solid-state physics. If one were tempted to define the subject of "solid-state physics" by the content of current textbooks with that title, one might erroneously conclude that solid-state physics is synonymous with crystal physics. So much is this the case, in fact, that it is standard procedure for a course on the physics of solids to begin with a discussion of crystal lattices and translational periodicity as ifperiOdiGity were a p r e yuisitefor solidity. Since it blithely ignores an entire important class of solids, this attitude is completely wrong.
This mistaken premise, the exclusive association of solidity with crystallinity, brings us to the third in the troika of topics listed in the title of this section. This topic has to do with the issue of the respectability of amorphous solids as proper inhabitants of the solid state. This issue arises as a historical legacy, and it is likely to fade with time into a non-issue as it becomes impossible for new (or revised) solid-state-physics texts to ignore the scientific and technological significance of glasses. Symptomatic of the inevitable respectabilization (and helping to hasten the process along) was the 1977 Nobel Prize in Physics shared by P. W. Anderson, N. F. Mott, and J. H. Van Vleck. Anderson and Mott were recognized, in part, for their deep contributions to the theory of amorphous solids, some of which are described in Chapter Five.
Although reluctance to accept amorphous solids as an integral part of solid-state physics is an attitude that will (hopefully) disappear before long, it is instructive to consider the factors which contributed to that misguided attitude. There is no mystery here. Solid-state physicists have traditionally been raised on the mathematical amenities of translational periodicity. Much of the machinery of familiar solid-state theory explicitly depends on and exploits the presence of long-range order in the crystalline solid state. This theoretical machinery includes: Brillouin zones, Bloch functions, k-space, E(k) electronic band structures, w(k) phonon dispersion curves, and elegant uses of symmetry and group theory for the labeling of eigenstates and the elucidation of selection rules. In the amorphous solid state, the loss of long-range order severely reduces, and possibly eliminates, the validity and utility of the above-mentioned mathematical tools. This must seem like Paradise Lost to many theorists, and it accounts for the past reluctance of some to face the reality of noncrystalline solids. But, however essential it may be to many standard theoretical techniques, long-range order is simply inessential to an entire class of solids-which do very well without it.
It is sometimes emphasized that an amorphous solid is metastable with respect to some crystalline phase that forms the thermodynamic equilibrium state of lowest energy. While this statement itself is correct (though no general proof of it exists), the emphasis is misplaced because experience teaches that the crystalline ground state is normally kinetically inaccessible. Once formed, glasses can persist without practical limit (> lon, yr). The situation is similar to that of crystalline diamond. Diamond, the hardest substance known and the archetypal covalent crystal, is metastable. The lowest-energy configuration of a collection of carbon atoms is not as diamond but as graphite, which is the stable thermodynamic phase at standard temperature and pressure. Despite their metastability, "diamonds are (effectively) forever"; a diamond is in no danger, and persists indefinitely at STP. Since the same is true of a glass well below Tg, metastability becomes an academic matter.
THE GLASS TRANSITION
Phenomena associated with the liquid -glass transition are macroscopic manifestations of the crossover between the two microscopic motional situations of Fig. 1 .7. Some aspects of the glass transition have already been shown in Figs. 1.1 and 1.2. This section presents further phenomenological aspects associated with Tg. In particular, the question of an underlying equilibrium thermodynamic transition is addressed.
